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Introduction

The purpose of this research project was originally to characterize growth
inhibitory effects of interleukin-4 (IL-4) in breast cancer cells and identify key signaling
molecules that may be targets for future strategies to enhance the negative growth effects
of IL-4. The original investigators have reported that IL-4-mediated growth inhibition is
associated with increased apoptosis and that IL-4 activates two important signaling
molecules, IRS-1 and STAT6. Inhibition of IRS-1 does not block IL-4-mediated growth
effects while inhibition of STAT6 decreases IL-4-mediated growth inhibition and
apoptosis. Additionally, over-expression of STAT6 mimics the effect of IL-4. Finally,
the investigators examined the mechanism of INF gamma-mediated growth inhibition of
breast cancer cells in vitro. In addition to the JAK-STAT pathway, INF gamma
decreases breast cancer cell growth in p21 dependent and independent pathways. In
conclusion, their research on the mechanism and signal transduction pathways of IL-4 in
human breast cancer cells has resulted in numerous original and significant findings.

As of 10/00, this grant entitled “Overexpression of IL-4 Signaling Pathway to
Inhibit Breast Tumor Growth” was transferred to Jill Ricono, a graduate student in the
Department of Nephrology at the University of Texas Health Science Center at San
Antonio where research focuses on the pathogenic mechanisms involved in kidney
development and progression of renal disease; specifically, the effects of Platelet-derived
growth factor (PDGF) on development and maturation of microvascular cells and their

precursors in the metanephric Kidney.




Final summary

The project title of this research grant is “Overexpression of IL-4 signaling
pathway to inhibit breast tumor growth” that had been funded for the performance period
of July 1998- August 2001. The original principle investigator, Jennifer Gooch, has
successfully defended her dissertation entitled “The role of IRS-1 in IGF-1 and IL-4-
mediated growth effects in human breast cancer cells” in September of 1999 while being
supported by this DOD funded research project. As of October 2000, this same grant had
been approved to be transferred to Jill Ricono, a graduate student in the Department of
Nephrology at The University of Texas Health Science Center at San Antonio where Dr.
Gooch is now employed.

In the annual summary reports for 1998-2000, Dr. Gooch reported significant
progress on this project including publication of several key findings and the completion
of specific aim 1. These investigators were the first to describe that apoptosis was the
mechanism involved in IL-4 induced growth inhibition in human breast cancer cells [1].
They next examined the signaling pathways activated by IL-4 in human breast cancer
cells in vitro and determined which signaling molecules are required for IL-4-mediated
growth effects. They found that IL-4 activates two important signaling molecules, IRS-1
and STAT6. Using an inducible anti-sense strategy to inhibit IRS-1 expression in MCF-7
breast cancer cells, they showed that IRS-1lis not required for IL-4-mediated growth
inhibition and apoptosis. However, cells expressing anti-sense IRS-1were less sensitive
to IGF-I (insulin like growth factor-I)-induced proliferation and protection from apoptosis

[2]. Furthermore, they demonstrated that IL-4 failed to inhibit growth of MCF-7 cells




when a dominant-negative STAT6 is expressed in the cells, whereas over-expression of a
full-length STATG6 resulted in growth inhibition [3].

The observation that IL-4 induced apoptosis in breast cancer cells was made only
after multiple tests for apoptosis were confirmed, e.g., appearanbe of pyknotic nuclei,
chromosome condensation, cleavage of poly-ADP-ribose Polymerase, appearance of sub-
G1 DNA content using FACS sorting, and degradation of DNA into internucleosomal
fragments (DNA laddering). However, published reports of DNA laddering in some
cells, including MCF-7 breast cancer cells, have been controversial. The investigators
here show that the ability of MCF-7 cells to undergo apoptosis is strain specific. They
found that when 6 different strains of MCF-7 cells that were obtained by different
laboratories were treated with adriamycin, only three of the strains produced DNA
laddering [4], suggesting that DNA laddering may not only be cell type specific, but may
also differ between strains of cells of the same cell type.

IL.-4 and IGF-I share common signaling molecules, namely IRS-I. In contrast to
IL-4, IGF-I induces proliferation and increases survival of breast cancer cells. Although
the investigators’ work eventually demonstrated that IRS-1 is not required for IL-4-
induced growth effects, growth effects mediated by IGF-I via IRS-1 were explored. The
investigators showed that IGF-I increased survival and decreased apoptosis of MCEF-7
breast cancer cells after treatment with either doxorubincin or paclitaxel, both
chemotherapy drugs [5]. Interestingly, they found differential effects of the anti-cancer
drugs mediated by IGF-I1. They reported that IGF-I's protective effect following
dexorubicin-induced cell death required activation of PI-3 kinase and Erk1/2 MAP kinase
while IGF-I’s protective effect following paclitaxel required activation of only Erk1/2

MAP kinase. As PI-3 kinase has been implicated in inhibition of apoptosis and Erk1/2 is
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commonly associated with proliferation, it is apparent that IGF-I can both decrease
apoptosis and increase proliferation to enhance cell survival.

The investigators also characterized the effects of interferon (INF) gamma on
breast cancer cell lines. They found that INF gamma inhibits growth of several cell lines
and that this inhibition is associated with changes in the cell cycle, mainly an increase of
in G1. However, INF gamma did not inhibit anchorage independent growth of one cell
line, MDA-MB-231, which was associated with a lack of p21, the cyclin dependent
kinase inhibitor. Therefore, INF gamma inhibits the growth of breast cancer cells and
utilizes both p21-dependent and p21-independent pathways[6].

As previously mentioned, the grant entitled “Overexpression of 1L-4 signaling
pathway to inhibit breast tumor growth” had been approved to be transferred to Jill
Ricono, a graduate student in the Department of Nephrology at The University of Texas
Health Science Center in San Antonio. Research in this laboratory focuses on the
pathogenic mechanisms involved in kidney development and progression of renal
disease. The role of growth factors and chemokines in mediating these processes with
major emphasis on platelet-derived growth factor (PDGF) is being explored. Studies in
cultured embryonic and adult kidney cell lines aim at identifying membrane, cytoplasmic
and nuclear signals involved in mediating biologic effects of PDGF and specifically the
role of PDGF in mesangial cell development. My research in this laboratory has focused
on the effects of PDGF on development and maturation of microvascular cells, including
mesangial cells, and their precursors in the metanephric kidney.

Since biologically active PDGF is a dimer, binding of PDGF ligand involves

dimerization of the receptor, forming either heterodimers, a3, or homodimers, oo or Bf.




The different PDGF receptors have different binding capacities. PDGFRa. binds PDGF-
AA, -AB, -BB and -CC ligand isoforms, with binding of PDGF-AA with higher affinity
than -BB, whereas PDGFR binds only PDGF-BB and -DD with high affinity (Heldin et
al., 1989; Heldin and Westermark, 1989; Seifert et al., 1993; Li et al., 2000; Bergsten et
al., 2001). Studies utilizing mice carrying mutations in either PDGF B-chain ligand
(Leveen et al., 1994) or PDGFR B (Soriano, 1994) conclusively demonstrate the role of
these factors in the development of mesangial cells within the glomeruli. In both studies
PDGFR o was intact and functional, yet it was not able to compensate for loss of the
PDGFRP. Therefore, we hypothesized there is differential signaling events transduced
by PDGF AA and BB through their cognate receptors that lead to proliferation and
migration in metanephric mesenchymal (MM) cells. To test this hypothesis, metanephric
blastemas were isolated from wild type and PDGFRb-deficient (-/-) embryos at 11.5 days
post conception, the time when metanephrogenesis is initiated. Cell lines were
established from the isolated metanephric blastemas and characterized [7]. First we
investigated the biologic effects and signaling pathways of PDGF AA and PDGF BB in
MM cells. Addition of PDGF BB to cultured wt MMC increases DNA synthesis as
measured by 3H-thymidine incorporation. PDGF AA was not mitogenic indicating that
activation of alpha receptor is not sufficient for this biological response. PDGFRg-
deficient MMC did not respond mitogenically to either isoform, PDGF AA or BB [8].
Addition of PDGF BB to wt MMC also increased migration of these cells, whereas
PDGF AA had no effect on cell migration. However, PDGF AA did enhance migration
of -/- MMC [9]. To investigate the mechanism of this differential effect, we studied the

signaling molecules activated by PDGF AA or BB in wt or -/- MM cells. In both cell




lines, wt and -/- MMC, both PDGF AA and PDGF BB activated ERK1/2 MAP kinase,
PI3-kinase, and Akt/PKB signaling pathways [10]. However, we found two pathways
that are differentially influenced by PDGF AA or BB. PDGF BB, but not AA, increases
the concentration of Ca?*in wt MMCs, whereas AA or BB did not have any effect in -/-
MMCs. Similarly, BB, but not AA, stimulates diphenylene iodonium (DPI)-inhibitable
superoxide anion production, and NADPH oxidase activity as well as an increase in
intracellular hydrogen peroxide (H,0,) levels in wt cells [11]. Therefore, we postulated
that Ca®* and reactive oxygen species (ROS) may be part of a signaling pathway leading
to suppression of AA-induced migration in wt MMCs through PDGFRbD. To assess the
involvement of Ca* in migration we used chelators of extracellular Ca?, and to evaluate
the role of ROS, we used the antioxidant N-acetyl cysteine (NAC). In summary, chelation
of extracellular Ca®* or ROS, the two signals specifically related to the PDGFR f3, restores
AA-induced migration in wt MMCs, similar to its effects in AA-induced migration in -/-
MMGCs. The stimulation of ROS or Ca* release in the -/- MMCs nullifies AA-induced
migration, as seen in wt MMCs. Taken together, these results suggest that ROS and Ca®
play an essential role in suppressing PDGF AA-induced migration in wt MMCs [12].

To further confirm the hypothesis that signals from the PDGFR may suppress PDGF
AA-induced migration, we transfected wild type PDGFR into the -/- MM cells and made stable
cell lines. The addition of PDGFRp restored PDGF BB-induced DNA synthesis and migration,
while PDGF AA-induced migration was suppressed [13]. When Vector alone was trasfected into
the -/- MM cells, PDGF AA induced migration, as in -/- MM cells alone. We have also
transfected PDGFR mutant (F5) lacking five critical cytoplasmic tyrosine residues implicated in

RasGAP, PI3-K, SHP2, and PLC-g signaling and a panel of “add-back” mutants that restore one




of the tyrosine residues that can bind only one of the receptor-associated proteins. Stable cell
lines were made and studies to determine if the PDGFRf mutants can restore the wild type
phenotype are in progress. Also, as mentioned previously, we have shown Ca®*and ROS to be
signaling molecules that are specific to PDGFRB in MM cells and have identified NADPH
oxidase-derived ROS to act as upstream mediators of Ca* in the signaling pathway linking
PDGFR] to the repression of AA-induced migration. In addition, we are in the process of
identifying which homolog of the neutrophilic catalytic subunit of the NA(D)PH enzyme
(gp91phox) may be present in MM cells. In -/- MM cells, the basal levels of ROS production are
significantly higher than the basal levels of ROS production in wt MM cells. We have
demonstrated that the mRNA levels of Nox4 (for NAD(P)H oxidase 4, a homolog of gp91phox)
is much higher in -/- cells than in wt MM cells [14]. However, transfecting the antisense
oligonucleotide of Nox4 into MM cells did not reduce ROS levels suggesting ROS prodution
may be dependent upon another homolog of gp91phox. Also, PDGF may be down regulating
the Nox4 message in the wt MM cells, although these data are not conclusivé at this time.
Therefore, we are in the process of identifying other Nox homologs that may be responsible for
the PDGF BB-induced production of ROS.

In conclusion, our work on this DOD funded research project has been exciting and
fruitful. We have contributed to knowledge about the development of mesangial cells and the
involvement of PDGF during nephrogenesis. Also, the previous investigators have published
original papers in reputable journals and have reported many exciting findings regarding the role
of IL-4 and related signaling pathways in breast cancer cells. I would like to thank you for your

support of this project during my doctoral training.
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Key Research Accomplishments

. Interleukin-4 inhibits growth of breast cancer cell lines and induces apoptosis.

. IL-4 activates IRS-1 and JAK-STAT signaling pathways in breast cancer cell lines.

. Inhibition of STAT6 blocks IL-4 mediated growth inhibition and apoptosis and
overexpression STAT6 increases IL-4-mediated growth effects.

. The appearance of DNA ladders does not correspond to the induction of apoptosis in
different strains of MCF-7 cells.

. IGF-I is a potent survival factor for MCR-7 breast cancer cells and acts by both
increasing proliferation and decreasing apoptosis.

. Interferon gamma also inhibits the growth of breast cancer cells and utilizes both p21-
dependent and independent pathways.

. Cell lines were established from isolated wild type and PDGFRf-deficient
metanephric blastemas and characterized.

. PDGE BB is mitogenic in wild type MM cells whereas PDGF AA is not mitogenic in
neither wild type nor PDGFRf-deficient MM cells, suggesting PDGFR} is necessary
for PDGF-induced proliferation.

. PDGF BB induced migration in only wild type MM cells, whereas PDGF AA

induced migration only in PDGFRf3-deficient MM cells.

10.In both cell lines, wild type and PDGFRf-deficient MM cells, PDGF AA and -BB

activate Erk1/2 MAP kinase, PI3-kinase and Akt/PKB signaling pathways.

11.PDGF BB, but not PDGF AA, increases the concentration of Ca** and stimulates

reactive oxygen species in wild type MM cells.
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12. By using chelators of Ca* or scavengers of ROS, our results suggest that Ca® and
ROS play an essential role in suppressing PDGF AA-induced migration in wild type

MM cells.

13. The addition of wild type PDGFR restored PDGF BB-induced DNA synthesis and

migration, while PDGF AA-induced migration was suppressed.

14. mRNA levels of Nox4 is much higher in PDGFR-deficient MM cells than in wild
type MM cells. Also, basal levels of ROS production in PDGFR f-deficient MM cells

are significantly higher than basal levels of ROS production in wild type MM cells.
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Conclusions

The original investigators have reported that IL-4-mediated growth inhibition is
associated with increased apoptosis and that IL-4 activates two important signaling molecules,
IRS-1 and STAT6. Inhibition of IRS-1 does not block IL-4-mediated growth effects while
inhibition of STAT6 decreases IL-4-mediated growth inhibition and apoptosis. Additionally,
over-expression of STAT6 mimics the effect of IL-4. Finally, the investigators examined the
mechanism of INF gamma-mediated growth inhibition of breast cancer cells in vitro. In addition
to the JAK-STAT pathway, INF gamma decreases breast cancer cell growth in p21 dependent
and independent pathways.

Once the grant was approved to be transferred to Jill Ricono, research focused on the
pathogenic mechanisms involved in kidney development and progression of renal disease. The
role of growth factors and chemokines in mediating these processes with major emphasis on
platelet-derived growth factor (PDGF) is being explored. Studies in cultured embryonic and
adult kidney cell lines aim at identifying membrane, cytoplasmic and nuclear signals involved in
mediating biologic effects of PDGF and specifically the role PDGF on development and
maturation of microvascular cells, including mesangial cells, and their precursors in the
metanephric kidney. We have identified specific signals induced by PDGF-BB, Ca** and
reactive oxygen species production, that may help explain the processes involved in development

of the kidney microvasculature.
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Platelet-derived growth factor (PDGF) B-chain or PDGF B-re-
ceptor-deficient mice lack mesangial cells. To explore poten-
tial mechanisms for failure of PDGF A-chain to rescue
mesangial cell phenotype, we investigated the biological ef-
fects and signaling pathways of PDGF AA and PDGF BB in
metanephric mesenchymal (MM) cells isolated from rat kid-
ney. PDGF AA caused modest cell migration but had no effect
on DNA synthesis, unlike PDGF BB, which potently stimu-
lated migration and DNA synthesis. PDGF AA and PDGF BB
significantly increased the activities of phosphatidylinositol
3-kinase (PI 3-K) and mitogen-activated protein kinase
(MAPK). PDGF BB was more potent than PDGF AA in
activating PI 3-K or MAPK in these cells. Pretreatment of
MM cells with the MAPK kinase (MEK) inhibitor PD-098059
abrogated PDGF BB-induced DNA synthesis, whereas the PI
3-K inhibitor wortmannin had a very modest inhibitory effect
on DNA synthesis (approximately A20%). On the other hand,
wortmannin completely blocked PDGF AA- and PDGF BB-
induced migration, whereas PD-098059 had a modest inhib-
itory effect on cell migration. These data demonstrate that
activation of MAPK is necessary for the mitogenic effect of
PDGF BB, whereas PI 3-K is required for the chemotactic
effect of PDGF AA and PDGF BB. Although PDGF AA
stimulates PI 3-K and MAPK activity, it is not mitogenic and
only modestly chemotactic. Collectively, the data may have
implications related to the failure of PDGF AA to rescue
mesangial cell phenotype in PDGF B-chain or PDGF-B-recep-
tor deficiency.

kidney; development; mesangial cell; signal transduction

THERE IS EVIDENCE THAT GLOMERULAR microvascular cells
arise from metanephric mesenchyme (14). The spatial
and temporal distribution of platelet-derived growth
factor (PDGF) and its receptors (PDGFR) suggest a
role for this growth factor in the development of
mesangial cells (18) and have been conclusively
demonstrated in two studies where PDGF B-chain

or PDGFR-B-deficient mice lack mesangial cells (16,
21). PDGF is widely expressed in a variety of mesen-
chymal cells during development. Siefert et al. (18)
mapped the expression patterns of PDGF ligands and
receptors in the developing and adult murine kidney
using in situ hybridization (Fig. 1). During glomerular
development, as the renal vesicle epithelium
progresses through the comma- and S-shape stages,
PDGF A-chain and B-chains are expressed in epithelial
cells. PDGF A-chain is expressed earlier and is seen
even at the renal vesicle stage, whereas PDGF B-chain
expression occurs at later stages and, at the earliest, is
seen in the S-shaped bodies of the developing glomer-
ular structures. PDGFR-« and PDGFR-B are expressed
by mesenchymal cells in the metanephric blastema. At
later stages, PDGFR-« is expressed in cells surround-
ing the glomerulus, and PDGFR-B transcripts are
present in the mesenchymal/interstitial cells that are
recruited into the glomerular cleft, which will form the
vascular tuft of the mature glomerulus (18). These cells
express PDGFR-B and PDGF B-chain transcripts at
high levels during the later stages of glomerular devel-
opment when microvasular (capillary) cells begin to fill
the glomerular tuft. At this stage, PDGFR-a tran-
scripts are barely detectable and PDGF A-chain tran-
scripts are undetectable. Utilizing both immunohisto-
chemistry and in situ hybridization, Arar et al. (2)
showed similar findings in the rat, with PDGFR-B
localizing to metanephric mesenchymal (MM) cells at
early stages of development, cells within the cleft of the
S-shaped bodies of the maturing glomerulus, and, at
later stages, in the mature glomerulus. This study also
demonstrated that activation of PDGFR-B by PDGF
BB isoform mediates MM cell migration and DNA
synthesis, providing one mechanism by which a sub-
population of these cells potentially develop into mes-
angial cells. However, the failure of PDGFR-a to com-
pensate for the lack of B-receptor in the PDGFR-B-
deficient mice remains unexplained, considering that
the a-receptor, similar to the B-receptor, localizes to
mesenchymal cells in the metanephric blastema, and
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Fig. 1. Schematic representation of the localization of platelet-derived growth factor (PDGF) ligands and receptors
at various stages of the developing kidney (A-E) based on data from Siefert et al. (18) and Arar et al. (2).

PDGF A-chain, similar to the B-chain, is also ex-
pressed in epithelial cells of the maturing glomerulus.

Binding of PDGF dimers to the extracellular domain
of the receptor induces the receptor to dimerize and
transautophosphorylate. Autophosphorylation of the
receptor increases its intrinsic tyrosine kinase activity
and provides docking sites for downstream signal
transduction proteins (1, 9). Many of these tyrosines
interact directly or indirectly with the SH2 domains of
signaling molecules and are present in homologous
positions with respect to PDGFR-a and PDGFR-B. Ac-
tivation of PDGFR initiates several major signal trans-
duction cascades, which include activation of phosphoi-
nositiol 3-kinase (PI 3-K), phospholipase C (PLC)y;,
and Ras-Raf-mitogen-activated protein kinase (MAPK)
kinase (MEK)-MAPK- [extracellular signal-activated
kinase (ERK)1/2] pathways (3, 5, 8). Expression of
mutant PDGFR-B, the tyrosine residues of which are
replaced with phenylalanine, demonstrated an essen-
tial role for PI 3-K and PLCy; in proliferation and
chemotaxis in different cell types (6, 20, 22, 23).
Additional studies demonstrated that these re-
sponses are cell-specific (12). Because PDGF B-chain
and PDGFR-B appear to be essential for mesangial cell
development, and signaling through the PDGFR-«
does not seem to compensate for the loss of PDGFR-B
signaling, we examined the biological effects of PDGF
AA and PDGF BB on MM cells and the role of ERK1/2
and PI 3-K.

MATERIALS AND METHODS

Materials. Tissue culture materials were purchased from
GIBCO BRL (Rockville, MD). Recombinant PDGF-AA and
PDGF-BB were obtained from R&D Systems (Minneapolis,
MN). Wortmannin and PD-098059 were purchased from
Alexis (San Diego, CA). Myelin basic protein (MBP), phos-
phatidylinositol (PI), collagenase, and collagen type I were
obtained from Sigma (St. Louis, MO). Primary antibodies to
PDGFR-8 (A-3) and PDGFR-a (951) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Secondary
antibodies conjugated to Cy3 or FITC were obtained from
Chemicon (Temecula, CA). Protein measurement and poly-
acrylamide gel reagents were purchased from Bio-Rad (Her-
cules, CA). Anti-phosphotyrosine and Erk-1 polyclonal anti-
bodies were also purchased from Santa Cruz Biotechnology.
Protein A-Sepharose was obtained from Pierce (Rockford,
IL). All other reagents were high-quality analytic grade.

Cultured cells. Primary MM cell cultures were prepared as
previously described (2, 10). Briefly, pregnant Sprague-Daw-
ley rats were purchased at 10-11 days of gestation. At
gestational day 13, mothers were anesthetized by intramus-
cular injection of rat mixture (60% ketamine, 40% xylazine),
and embryos were collected. The age of the embryo was
counted from the day of the vaginal plug (day 0). Embryos
were dissected in 1X phosphate-buffered saline under a zoom
model SZH Olympus stereomicroscope. Embryonic kidneys
were collected, and cells were propagated in Dulbecco’s mod-
ified Eagle medium (GIBCO) including 10% fetal calf serum
and grown at 37°C, 5% carbon dioxide.

MAPK assay. MM cells were plated 7.5 X 10° cells/60-mm
dish, grown to confluency, and serum starved for 48 h. Re-
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spective cells were pretreated with 50 pM PD-098059, an
MEK inhibitor, for 45 min before being stimulated with
PDGF-AA or PDGF-BB. Cells were lysed with RIPA buffer
(20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA,
1% Nonidet P-40, 1 mM NagVO,4, 1 mM polymethylsulfonyl
fluoride, and 0.1% aprotinin) for 30 min at 4°C and centri-
fuged at 10,000 g for 20 min at 4°C. Protein concentrations
were measured in the cell lysates. Equal amounts of protein
(100 ug) were incubated with ERK-1 polyclonal antibody for
30 min on ice. Fifteen microliters of protein A-Sepharose
beads (50% vol/vol slurry) were added and incubated at 4°C
on a rocking platform for 2 h. The immunobeads were washed
and resuspended in MAPK assay buffer (in mM: 10 HEPES,
pH 7.4, 10 MgCl,, 0.5 dithiothreitol, and 0.5 NazVO,) in the
presence of 0.5 mg/ml MBP and 25 pM cold ATP plus 1 nCi
[y-32P]ATP. The mixture was incubated at 30°C for 30 min,
followed by a 10-min incubation on ice. Protein-loading buffer
was added, and reactions were boiled. Samples were then
loaded on a 12.5% SDS-PAGE, and phosphorylated MBP was
visualized by autoradiography (5).

Western blotting. Equal amounts of protein from cell ly-
sates were separated on a 12.5% SDS-PAGE gel and electro-
phoretically transferred to polyvinyl membrane. The mem-
brane was blocked with 5% nonfat milk prepared in Tris-
buffered saline with Tween 20 (TBST) buffer, washed with
TBST, and incubated with ERK-1 primary antibody (1:200
dilution; Santa Cruz Biotechnology). The membrane was
then washed and incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG. The blot was developed with
enhanced chemiluminesence reagent.

PI 3-K assay. MM cells were plated as above. Respective
cells were pretreated with 250 nM wortmannin, a PI 3-K
inhibitor, for 3 h before treatment with PDGF. Cells were
lysed and protein was analyzed as previously mentioned.
One hundred micrograms of protein were incubated with
anti-phoshotyrosine antibody for 30 min on ice. Fifteen mi-
croliters protein A-Sepharose beads (50% vol/vol slurry) were
added and incubated at 4°C on a rocking platform for 2 h. The
immunobeads were washed three times with RIPA, once with
PBS, once with buffer A (0.5 mM LiCl, 0.1 M Tris-HC], pH
7.5, and 1 mM NazgVOy), once with doubly distilled water,
and once with buffer B (0.1 M NaCl, 0.5 mM EDTA, 20 mM
Tris+-HC], pH 7.5). The immunobeads were then resuspended
in 50 pl of PI 3-K assay buffer (20 mM Tris-HC], pH 7.5, 0.1
M NaCl, and 0.5 mM EGTA). PI (0.5 pl of 20 mg/ml) was
added and incubated at 25°C for 10 min. A cocktail of 1 pl of
1 M MgCl; and 10 pCi [y-*?PJATP was added and incubated
at room temperature for 10 min. A mixture of chloroform,
methanol, and 11.6 N HCI (150 pl, 50:100:1) was added to
stop the reaction, and an additional 100 pl of chloroform were
added. The organic layer is extracted and washed with meth-
anol and 1 N HCI1 (1:1). The reaction was dried overnight and
resuspended in 10 pl of chloroform. The samples were sepa-
rated by thin-layer chromatography and developed with
CHClo/MeOH/28% NH,OH/H,0 (129:114:15:21). The spots
were visualized by autoradiography (5).

DNA synthesis. MM cells were plated at 7.5 X 10* cells/24-
well dish, grown to confluency, and serum starved for 48 h.
Cells were either pretreated with PD-098059 or wortmannin
as previously described before stimulation with PDGF iso-
forms. [*H]TdR (1 wCi/25 ml) was added to each well. DNA
synthesis is measured as the incorporation of [*H]thymidine
into trichoroactic acid-insoluble material (7).

Cell migration assay. Cell migration in response to PDGF
was determined using blind well chamber assays. Confluent
MM cells were serum starved for 48 h and then pretreated
with PD-098059, wortmannin, or L'Y-294002. The monolayer
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of cells were trypsinized and resuspended in serum-free me-
dia. The cell suspension was added to the top chamber, while
the PDGF was added to the bottom chamber of the appara-
tus. A polycarbonate membrane filter coated with collagen I
separated the chambers. After 4 h at 37°C, the cells on the
upper surface of the filter were removed with a cotton-tipped
applicator, and migratory cells on the lower surface of the
filter were fixed in methanol and stained with Giemsa. With
the use of high magnification (x450), the migration of cells
was analyzed by counting the number of cells that had
migrated through the polycarbonate filter (7).

Immunofluorescence. For PDGFR-a and -B double immu-
nofluorescent staining, cells were grown to near confluency
on eight-well coverslips. Cells were fixed in methanol and
washed in 1x PBS with 0.1% BSA. The primary antibody
(PDGFR-B) 1:20 was added, and coverslips were incubated in
a humidifier for 30 min at room temperature. Cells were
washed three times for 5 min each. The respective secondary
antibody (donkey anti-mouse, Cy3 conjugated) 1:30 was
added, and coverslips were incubated in a humidifier for an
additional 30 min at room temperature. For the PDGFR-a,
cells were washed three times for 5 min each, the primary
antibody (PDGFR-a ) 1:20 was added, and coverslips were
incubated in a humidifier for 30 min at room temperature.
The respective secondary antibody (donkey anti-rabbit, FITC
conjugated) 1:20 was added, and coverslips were incubated in
a humidifier for an additional 30 min at room temperature.
Cells were washed three times for 5 min each and mounted
with crystal mounts. Cells were viewed with respective fluo-
rescent filters with ultraviolet light.

RESULTS

Effect of PDGF isoforms on MM cell DNA synthesis
and migration. PDGF AA and PDGF BB were exam-
ined for their ability to stimulate DNA synthesis as
measured by [*H]thymidine incorporation into DNA of
quiescent MM cells. When cells were treated with
PDGF BB for 24 h, [*Hlthymidine incorporation in-
creased nearly fivefold above basal levels at concen-
trations of 10 and 100 ng/ml of PDGF BB. However,
similar concentrations of PDGF AA did not increase
DNA synthesis above basal levels (Fig. 2A). In addition
to proliferation, migration is an important biological
response during organ development. MM cells from the
same passage used for the [*H]thymidine incorporation
were used for the migration assays. PDGF BB induced
migration of MM cells four- to fivefold above baseline,
with a maximal effect seen at a dose of 10 ng/ml. PDGF
AA also induced migration in the MM cells about
twofold above basal levels at a dose of both 10 and 100
ng/ml; however, the response was much weaker than
that of PDGF BB (Fig. 2B).

PDGF activation of MAPK in MM cells. Activated
PDGFR-B is known to associate with Grb2/sos, which
lies upstream of the Ras-MEK-ERK signaling path-
way. In contrast, activated PDGFR-a has been re-
ported to associate with Crk adaptor protein, which
may also lie upstream of the Ras-MEK-ERK signaling
pathway. To determine whether MAPK (ERK1/2) is
activated in MM cells, we measured the kinase activity
in ERK1/2 immunoprecipitates of PDGF-stimulated
MM cells. MM cells were stimulated with PDGF AA or
PDGF BB for 5, 10, and 15 min. Both PDGF AA and
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Fig. 2. Effect of PDGF isoforms on DNA synthesis and migration. A:
[*H]thymidine incorporation was measured as an index of DNA
synthesis in response to treatment of 10 or 100 ng/ml of PDGF AA or
PDGF BB in quiescent metanephric mesenchymal (MM) cells. Val-
ues are means * SE of 4 independent experiments. **P < 0.01 vs.
untreated control. B: serum-deprived quiescent MM cells were used
in cell migration assay in the presence of 10 or 100 ng/ml of PDGF
AA or PDGF BB as described in MATERIALS AND METHODS. Values are
means + SE of 3 independent experiments. **P < 0.01 vs. untreated

control.

PDGF BB stimulated ERK1/2 activity in MM cells (Fig.
3). Maximal activation was observed at 15 min, and
therefore in all subsequent experiments cells were
treated for 15 min with the PDGF isoforms. Dose-
responses of PDGF-induced ERK1/2 activity showed
that PDGF AA induced maximal ERK1/2 activity at 50
and 100 ng/ml, whereas PDGF BB induced maximum
activity at 10 ng/ml (Fig. 4). These concentrations
correspond to those required to stimulate prolifera-
tion and migration (Fig. 2, A and B). In some experi-
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ments, cells were pretreated with an MEK inhibitor,
PD-098059, and assayed for ERK1/2 activity (Fig. 5).
PD-098059 reduced PDGF-induced ERK1/2 activity to
near basal levels, indicating that ERK1/2 activation in
MM cells is mediated by the Ras-Raf-MEK-MAPK
pathway. Western blot analysis of the ERK1/2 protein
was performed on the same cell lysates as for loading
controls.

Effect of MAPK inhibitor on PDGF-induced DNA
synthesis and migration in MM cells. To assess the
involvement of MAPK signaling pathways in DNA
synthesis and migration of the MM cells, cells were
pretreated with 50 uM PD-098095 for 45 min before
the addition of PDGF AA or PDGF BB. Pretreatment of
cells with the MEK inhibitor abolished PDGF-induced
DNA synthesis (Fig. 64). This suggests that the Ras-
Raf-MEK-MAPK pathway is a major contributor of
PDGF-induced DNA synthesis in MM cells. Pretreat-
ment of the MM cells with PD-098095 significantly
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10 15 5§

Time 0 5 10 15 (min)

MBP—>

250
200} s .
2=
28
T E 150f 1
L]
82 '
=%
ge '
w
501 7
0
Time 0 &5 10 15 5 10 15 (min)
PDGF-AA PDGF-BB

Fig. 3. Time course of activation of mitogen-activated protein kinase
(MAPK) in PDGF-treated MM cells. Serum-deprived quiescent MM
cells were treated with 100 ng/ml of PDGF AA or 10 ng/ml of PDGF
BB for various time points, i.e., 5, 10, and 15 min. Cleared cell lysates
were immunoprecipitated with extracellular signal-regulated kinase
(ERK)-1 polyclonal antibody. The immunoprecipitates were then
used in an in vitro immunecomplex kinase assay in the presence of
myelin basic protein (MBP) and [y-*PJATP as described in MATERI-
ALS AND METHODS. Phosphorylated MBP was separated on a 12.5%
SDS-polyacrylamide gel. Western blot analysis of ERK 1/2 was done
on the same cell lysates to determine the loading control. Each
barogram represents the ratio of the radioactivity incorporated into
the phosphorylated MBP quantified by Phosphorlmager analysis
factored by the densitometric measurement of the ERK1/2 band.
Values are means + SE of 3 independent experiments expressed as
the percentage of control, where the ratio in the untreated cells was
defined as 100%. **P < 0.01 vs. control.
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Fig. 4. Effect of different doses of PDGF AA and BB on MAPK
activity in MM cells. Quiescent MM cells were treated with varying
concentrations of PDGF AA and BB. Cells were stimulated for 15
min with 10, 25, 50, or 100 ng/ml of PDGF AA or BB. Cleared cell
lysates were immunoprecipitated with ERK-1 polyclonal antibody.
The immunoprecipitates were then used in an in vitro immunecom-
plex kinase assay in the presence of MBP and [y-3?P]ATP as de-
scribed in MATERIALS AND METHODS. Phosphorylated MBP was sepa-
rated on a polyacrylamide gel. Western blot analysis of ERK 1/2 was
done on the same cell lysates, which were used as loading controls.
Each barogram represents the ratio of the radioactivity incorporated
into the phosphorylated MBP, quantified by PhosphorImager analysis
factored by the densitometric measurement of ERK1/2 band. Values are
mean * SE of 3 independent experiments and are expressed as the
percentage of control, where the ratio in the untreated cells was defined
as 100%. **P < 0.01 vs. control. *P < 0.05.

decreased migration induced by PDGF BB (Fig. 6B).
However, PD-098095 did not inhibit migration to basal
levels as in PDGF-induced DNA synthesis (Fig. 64).
The same concentration of PD-098095 that completely
blocked PDGF AA-induced ERK1/2 activity (Fig. 5) did
not significantly reduce PDGF AA-induced migration.
These data suggest that other pathways are involved
in PDGF-induced migration.

PDGF activation of PI 3-K. PI 3-K has previously
been shown to associate with tyrosine-phosphorylated
PDGF receptors. However, it has not been established
whether signaling by both PDGF isoforms through
their respective receptors can activate PI 3-K in MM
cells. PI 3-K activity was determined in anti-phospho-
tyrosine immunoprecipitates of lysate from PDGF AA-
or PDGF BB-stimulated cells. The immunoprecipitates
were assayed for PI 3-K activity as described in MATE-
RIALS AND METHODS. As shown in Fig. 7, both isoforms of
PDGF activate PI 3-K activity. PDGF BB showed a
significant effect at 10 ng/ml, whereas 100 ng/ml of
PDGF AA was necessary to induce significant activa-
tion. When cells were pretreated with wortmaninn, a
PI 3-K inhibitor, the PDGFR-associated PI 3-K activity
in MM cells was significantly reduced (Fig. 8).
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Effect of PI 3-K inhibitor on PDGF-induced DNA
synthesis and migration in MM cells. We have recently
shown that activation of PI 3-K is necessary for PDGF-
induced DNA synthesis and migration in mesangial
cells (4). To determine the importance of PI 3-K in MM
cells, cells were pretreated with 250 nM wortmannin
for 3 h before stimulation with PDGF isoforms. Wort-
mannin decreased PDGF-induced [*H]thymidine incor-
poration by ~20% (Fig. 9A), unlike the complete abo-
lition of activity when cells were pretreated with PD-
098059 (Fig. 6A). These data indicate that PI 3-K plays
a lesser role in PDGF-induced DNA synthesis than
MAPK in MM cells. Two structurally dissimilar PI 3-K
inhibitors, wortmannin and LY-294002, completely
blocked PDGF-induced migration in MM cells (Fig. 9, B
and C), whereas the MEK inhibitor decreased PDGF
BB-induced migration by ~30% and PDGF AA-induced
migration by ~15% (Fig. 6B). These data suggest that
PI 3-K, rather than MAPK, plays a predominant role in
PDGF-induced migration.
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Fig. 5. Effect of MEK inhibitor on the Ras-Raf-MAPK kinase (MEK)-
ERK pathway. Quiescent MM cells were pretreated with 50 uM
PD-098059 for 45 min before treatment with 100 ng/ml of PDGF AA
or 10 ng/ml of PDGF BB. Cleared cell lysates were immunoprecipi-
tated with ERK-1 polyclonal antibody. The immunoprecipitates were
then used in an in vitro immunecomplex kinase assay in the pres-
ence of MBP and [y-32P]ATP as described in MATERIALS AND METHODS.
Phosphorylated MBP was separated on a 12.5% SDS-polyacrylamide
gel. Western blot analysis of ERK1/2 was done on the same cell
lysates and used as loading controls. Each barogram represents the
ratio of the radioactivity incorporated into the phosphorylated mye-
lin basic protein quantified by Phosphorlmager analysis factored
by the densitometric measurement of ERK1/2 band. Values are
means * SE of 3 independent experiments and are expressed as the
percentage of control, where the ratio in the untreated cells was
defined as 100%. **P < 0.01 vs. control.
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Fig. 6. Effect of MEK inhibitor on PDGF-induced DNA synthesis
and migration. Quiescent MM cells were pretreated with 50 pM
PD-098059 for 45 min before treatment with PDGF AA or PDGF BB.
A: PHlthymidine incorporation was measured as an index of DNA
synthesis in response to treatment of 10 or 100 ng/ml of PDGF AA or
BB in quiescent MM cells. Values are means + SE of 4 independent
experiments. **P < 0.01 vs. untreated and treated with PD-098059.
B: serum-deprived quiescent MM cells were used in cell migration
assay in the presence of 10 or 100 ng/ml of PDGF AA or BB, as
described in MATERIALS AND METHODS. Values are means * SE of 3
independent experiments. **P < 0.01 vs. untreated and treated with

PD-098059.

Expression of PDGF receptors in MM cells. To study
the expression of PDGFR-o and -B in MM cells,
immunofluorescence was performed using PDGFR-a-
and PDGFR-B-specific antibodies. Figure 10 shows
abundant expression of both PDGFR-a and PDGFR-3
in MM cells. This suggests that these cells have the
potential to respond to both PDGF isoforms.

DISCUSSION

There are several potential mechanisms by which
PDGF, acting on MM cells, leads to the development of
a subset of these cells into mature differentiated mes-
angial cell phenotype. Two mechanisms pertinent to

PDGF SIGNALING IN METANEPHRIC CELLS

development include cell migration and cell prolifera-
tion. This study explored the effects of PDGF AA and
BB isoforms on DNA synthesis and migration of MM
cells isolated at the earliest stage of the developing rat
metanephric blastema, embryonic day 13. Arar et al.
(2) have recently demonstrated that PDGF BB stimu-
lates DNA synthesis and migration of these cells. Stim-
ulation of cell migration by PDGF BB was associated
with activation of PI 3-K, and inhibition of PI 3-K
blocked PDGF BB-induced migration. However, the
role of other signal transduction pathways activated by
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Fig. 7. Activation of phosphatidylinositol 3-kinase (PI 3-K) in PDGF-
treated MM cells. A: serum-deprived MM cells were treated with 10
or 100 ng/ml PDGF AA or PDGF BB for 15 min and cell lysates were
immunoprecipitated with anti-phosphotyrosine antibody. The immu-
noprecipitates were then assayed for PI 3-kinase activity in the
presence of phosphotidyl inositol (PI) and [y-**PJATP as described in
MATERIALS AND METHODS. The arrow indicates the position of PI 3-P
spot. B: each barogram represents the radioactivity incorporated into
PI 3-P by Phosphorlmager analysis. Values are means * SE of 3
independent experiments and are expressed as the percentage of
control, where the untreated cells were defined as 100%. **P < 0.01
vs. untreated control.
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Fig. 8. Effect of PI 3-K inhibitor on PDGF-activated PI 3-K in MM
cells. A: quiescent MM cells were pretreated with 250 nM wortman-
nin for 8 h before treatment with PDGF AA or PDGF BB. Cleared cell
lysates were immunoprecipitated with anti-phosphotyrosine anti-
body and the immunoprecipitates were then assayed for PI 3-K
activity in the presence of PI and [y-*2P)ATP as described in MATERIALS
AND METHODS. Arrow, position of PI 3-P spot. B: each barogram repre-
sents the radioactivity incorporated into PI 3-P by PhosphorImager
analysis. Values are means * SE of 3 independent experiments and are
expressed as the percentage of control, where the untreated cells were
defined as 100%. **P < 0.01 vs. untreated and treated with wortman-
nin.

PDGF BB was not explored. More importantly, the role
of the PDGF A-chain in activating MM cells is not
known. This information is pertinent because PDGFR-«
does not appear to compensate for PDGFR-B in rescu-
ing mesangial cell phenotype in PDGFR-B deficiency.
Moreover, during early stages of development and mat-
uration of the glomerular capillary bed, the PDGF
A-chain and PDGFR-a have a spatial and temporal
distribution similar to that of the PDGF B-chain and
PDGFR-B, respectively (18).
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Fig. 9. Effect of PI 3-K inhibitor on PDGF-induced DNA synthesis and
migration. Quiescent MM cells were pretreated with 250 nM wortman-
nin for 3 h or 25 uM LY-294002 for 1 h before treatment with PDGF AA
or PDGF BB. A: [*H}thymidine incorporation was measured as an index
of DNA synthesis in response to treatment of 10 or 100 ng/ml of PDGF
AA or BB in quiescent MM cells. Results are means + SE of 4 indepen-
dent experiments. *P < 0.05 vs. untreated and treated with wortman-
nin. B: serum-deprived quiescent MM cells were used in cell migration
assay in the presence of 10 or 100 ng/ml of PDGF AA or PDGF BB, as
described in MATERIALS AND METHODS, The data represent means + SE
of 3 independent experiments. **P < 0.01 vs. untreated and treated
with wortmannin. C: serum-deprived quiescent MM cells were used in
cell migration assay in the presence of 100 ng/ml of PDGF AA or 10
ng/ml of PDGF BB, as described in MATERIALS AND METHODS. The data
represent means * SE of 3 independent experiments. **P < 0,01 vs.
untreated and treated with LY-294002.
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A

Fig. 10. Expression of PDGFR-« and -f in
MM cells. A: immunofluorescent localization
of PDGFR-«. B: immunofluoreseent localiza-
tion of PDGFR-B. All MM cells stained for
both PDGFR-« and -3. Magnification: <40.

PDGF BB, as reported previously (2), stimulales
DNA synthesis and robust migration of MM cells. We
now demonstrate that PDGF AA, even at a concentra-
tion as high as 100 ng/ml, was not mitogenic for these
cells and had a modest effect on cell migration. There-
fore, the lack of a mitogenic effect of the PDGF A-chain
and its inability to stimulate robust migration are
potential mechanisms for failure of PDGFR-u« to com-
pensate for PDGFR-B in rescuing mesangial cell phe-
notype. Mouse chimeras composed of PDGFR-B -+/+
and PDGFR-B /- cells demonstrated that PDGFR
B /- cells fail to populate the glomerular mesangium,
whereas PDGFR B +/+ cells do, suggesting a direct
permissive role of PDGF BB in mesangial cell develop-
ment and maturation (17). Studies utilizing bromode-
oxyuridine labeling demonstrated active proliferation
of mesangial cell progenitors in cup-shaped and S-
shaped glomeruli of wild-type, but not mutant, mice.
These studies suggested that proliferation of mesan-
gial cell progenitors is a critical step for mesangial cell
development (17). Our finding of the failure of PDGIF
AA to induce proliferation of MM cells supports

this contention. We next cxamined the activation of

ERK1/2 by PDGF AA or PDGF BB and its involvement
in PDGF-induced DNA synthesis and migration of MM
cells. PDGT AA and PDGF BB increased ERK1/2 ac-
tivity in a dose- and time-dependent manner (Figs. 3
and 4), with PDGT BB being slightly more potent than
PDGI* AA. Pretreatment of MM cells with the MEK
inhibitor PD-098059 at a concentration that abolished
MAPK activity resulted in complete inhibition of DNA
synthesis. However, the MEK inhibitor only partially
blocked PDGF BB-induced cell migration and exerted a
small but insignificant effect on PDGF AA-induced cell
migration. These data indicate that the Ras-Raf-MEK-
MAPK pathway is essential for PDGF BB-induced
DNA synthesis in MM cells.

Cells expressing a PDGFR- mutant devoid of the
binding sites for PI 3-K, i.e., lacking Tyr™ and Tyr"’,
show no chemotactic responses to PDGF (15, 24), sug-
gesting a role for PT 3-K in cell migration. However, P1
3-K regulates growth [actor-induced migration in a cell
type-specific manner. For example, there is evidence
that PI 3-K does not mediate cell migration in smooth
muscle cells activated by PDGF BB (12). PDGFR-«-
mediated migration also appears to be cell tvpe spe-
cific. In lung fibroblasts, Swiss 3T3 and hematopocitic

PDGF SIGNALING IN METANEPHRIC CELLS

B

32D cells, activation of PDGFR-« induces migration
(13, 19, 25). However, in other cell types, such as aortic
endothelial cells and vascular smooth muscle cells,
PDGF AA inhibits the chemotactic response. PDGI BB
as well as PDGT AA induce PI 3-K activity in MM cells,
with the AA isoform resulting in somewhat lesser in-
duction of enzyme activity. Wortmannin, at concentra-
tions that decreased PI 3-K enzymatic activity, mark-
edly inhibited PDGF-induced migration of MM cells. In
contrast to its potent effect on cell migration, pretreat-
ment of MM cells with wortmannin reduced PDGF
BB-induced DNA synthesis by ~20%. The data indi-
cate that migration of MM cells in response to both
PDGF isoforms is mediated via PI 3-K. It is very
unlikely that the differential effect of PDGF isoforms is
due to differential expression of PDGFR-« and -8 in the
cells. because both receptors were homogenously dis-
tributed in MM cells. The data also demonstrate that
the lack of biological response to PDGF AA is not due to
a low number of PDGFR-« or poor coupling of the AA
ligand with the receptor, because PDGF AA was almost
as potent as PDGF BB in activating ERK1/2 at a wide
range of concentrations. Furthermore, the PDGF AA
isoform potently activated PI 3-K to a degree almost
similar to that for the PDGF BB isoform. However,
activation of these pathways, PI 3-K and MAPK, by
PDGF AA is not sufficient to induce DNA synthesis or
robust migration in these cells. These data, taken
together with the mesangial cell phenotype in the
PDGFR-B-deficient mouse, suggest that, in the absence
of significant DNA synthesis, activation of PI 3-K and
subsequent migration is insufficient for PDGFR-«,
which can be activated by PDGF AA or PDGF BB, to
compensate for the loss of PDGFR-B. Of interest is the
recent observation that mice with a PDGFR-B mutant
for PI 3-K binding sites develop normally and do not
exhibit an overt phenotype in the mesangium (11),
suggesting that B-receptor-mediated signaling through
activated PI 3-K is only of minor importance during
mesangial cell development. Alternatively, other sig-
naling molecules activated by the mutant B-receptor
are able to compensate for the loss of PI 3-K signaling.

In conclusion, in this study we have shown that
PDGF AA and PDGF BB activate Pl 3-K and MAPK
enzymatic signaling pathways in MM cells. We have
also shown that PDGF BB induces DNA synthesis
primarily through the MAPK pathway and migration
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through the PI 3-K pathway. The finding that PDGF
AA had no effect on DNA synthesis, whereas it stimu-
lated modest migration of the cells, suggests that the
failure of PDGFR-a to compensate for loss of PDGFR-B
may be due to its inability to mediate these fundamen-
tal biological responses of MM cells. It is tempting to
speculate that mesangial cell progenitors that may be
stimulated to migrate eventually undergo apoptosis in
the absence of the PDGF B-chain or PDGFR-B or fail to
sustain their proliferation or even their survival. A
more comprehensive examination of molecules acti-
vated by PDGFR- is required to understand the mech-
anism by which PDGF BB and PDGFR-B activation
result in mesangial cell development and maturation.
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Insulin-like growth factor-I (IGF-I) may play an im-
portant role in the development of renal hypertrophy. In
this study we determined the effect of IGF-I on cultured
mesangial cells (MCs) and examined activation of key
signaling pathways. IGF-I induced hypertrophy as de-
termined by an increase in cell size and an increase in
protein to DNA ratio and increased accumulation of ex-
tracellular matrix (ECM) proteins. IGF-I also activated
both Erk1/Erk2 MAPK and phosphatidylinositol 3-ki-
nase (PISK) in MCs. Inhibition of either MAPK or PI3K,
however, had no effect on IGF-I-induced hypertrophy or
ECM production. Next, we examined the effect of IGF-I
on activation of the calcium-dependent phosphatase cal-
cineurin. IGF-I treatment stimulated calcineurin activ-
ity and increased the protein levels of calcineurin and
the calcineurin binding protein, calmodulin. Cyclo-
sporin A, an inhibitor of calcineurin, blocked both IGF-
I-mediated hypertrophy and up-regulation of ECM. In
addition, calcineurin resulted in sustained Akt activa-
tion, indicating possible cross-talk with other signaling
pathways. Finally, IGF-I treatment resulted in the cal-
cineurindependent nuclear localization of NFATcl.
Therefore, IGF-1 induces hypertrophy and increases
ECM accumulation in MCs. IGF-I-mediated hypertrophy
is associated with activation of Erkl/Erk2 MAPK and
PISK but does not require either of these pathways. In-
stead, IGF-I mediates hypertrophy via a calcineurin-de-
pendent pathway.

In response to stress or injury, kidney tissue undergoes hy-
pertrophy, and to a lesser extent hyperplasia, resulting in a net
gain in the size of the kidney. Glomeruli, the filtering micro-
vascular structures, are particularly susceptible to hypertro-
phy, which eventuates in fibrosis. At the cellular level, hyper-
trophy is characterized by cessation of the cell cycle at Gy, a
halt in DNA synthesis, and continued production and/or de-
creased degradation of cellular proteins (1). The net result is an
increase in protein concentration disproportionate to DNA and
an increase in the overall size of the cell. In addition to the
increase in cell size, expansion of the extracellular matrix
(ECM),! including fibronectin and collagen type IV, contrib-
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utes to tissue hypertrophy. Studies in humans and in animal
models of renal hypertrophy indicate that early hypertrophy
and ECM accumulation are potentially reversible (2). There-
fore, understanding the mechanisms that are required for the
induction and maintenance of hypertrophy and ECM accu-
mulation by growth factors, hormones, and cytokines may be
critical for developing therapies that prevent or reverse renal
hypertrophy.

The insulin-like growth factor (IGF) system has been impli-
cated in glomerular hypertrophy. In patients with type I dia-
betes, elevated amounts of IGF-I in the urine are associated
with hypertrophy and progression of kidney disease (3). More-
over, endogenous kidney IGF-I levels are elevated within 2-3
days of streptozotocin-induced type I diabetes in rats (4, 5) and
IGF-I receptor is up-regulated after prolonged hyperglycemia
(6). Although overexpression of growth hormone (which regu-
lates IGF-I) causes both hypertrophy and sclerosis of mouse
kidneys (7), increased circulating levels of IGF-I result primar-
ily in hypertrophy (8). This suggests that endogenous rather
than circulating levels of IGF-I mediate hypertrophy and sub-
sequent sclerosis. Alternatively, IGF-I is necessary for hyper-
trophy but may be insufficient for development of sclerosis.
Flyvbjerg et al. (9) found that treatment of diabetic rats with
octreotide, a somatostatin inhibitor, decreased circulating
IGF-I and IGF-II levels. Moreover, kidney hypertrophy was
decreased and urinary albumin excretion was blocked (9). Sev-
eral other studies support this finding (2, 10). Although IGF-I
is undoubtedly an important growth factor that mediates vas-
cular renal pathology, very little is known about the signaling
pathways activated by IGF-I in renal cells.

In some cells, IGF-I commonly signals through two main
pathways, the phosphatidylinositol 3-kinase (PI3K) and Erk1/
Erk2 MAPK pathways (11). Both are activated following asso-
ciation of insulin receptor substrate (IRS) proteins with the
IGF-I receptor and coupling of the activated tyrosine kinase
receptor to downstream signaling targets. However, there is
very little evidence regarding what pathway(s) IGF-I activates
in specific renal cells, including those derived from the glomer-
ulus. di Mari et al. (12) showed that IGF-I treatment results in
activation of Erkl/Erk2 MAPK in proximal tubule cells. In
addition, Horney et al. (13) showed phosphorylation of the
adaptor proteins IRS1 and IRS2 by IGF-I in cultured mesan-
gial cells. Mesangial cells constitute one third of glomerular cell
populations and contribute to hypertrophy of glomeruli seen in

cell; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinosi-
tol 3-kinase; SFM, serum-free medium; NFAT, nuclear factor of acti-
vated T cells; ERK, extracellular signal-regulated kinase; IRS, insulin
receptor substrate; PBS, phosphate-buffered saline; PMSF, phenyl-
methylsulfonyl fluoride; MBP, myelin basic protein; PAGE, polyacryl-
amide gel electrophoresis; BSA, bovine serum albumin; MOPS, 4-mor-
pholinepropanesulfonic acid; DTT, dithiothreitol; FACS, fluorescence-
activated cell sorting.
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diabetes or other conditions characterized by renal hypertro-
phy (2, 4).

In this study, we examined the effect of IGF-I on cultured
MCs from glomeruli of rats and evaluated both proliferative
and hypertrophic effects. We also examined the signaling path-
ways activated by IGF-I, including the MAPK and PISK path-
ways. In addition, we investigated IGF-I-mediated activation of
other pathways, including the calcium-dependent serine/thre-
onine phosphatase, calcineurin. Accordingly, we determined
what effect inhibition of these pathways has on IGF-I-mediated
hypertrophy and ECM production. Finally, we demonstrated
the significance of calcineurin activation by showing IGF-I-
mediated nuclear translocation of the calcineurin substrate,
nuclear factor of activated T cells- c1 (NFATc1).

EXPERIMENTAL PROCEDURES
Materials

Receptor grade recombinant human IGF-I was purchased from
GroPep (Adelaide, Australia), and recombinant human TGFB1 was
obtained from R&D Systems, Inc. (Minneapolis, MN). PD98059 was
from Calbiochem (La Jolla, CA). Wortmannin, cyclosporin A, calcium
jonophore A23187, and anti-fibronectin antibody were from Sigma
Chemical Co. (St. Louis, MO). Anti-collagen type IV antibody was
purchased from Chemicon (Temecula, CA), anti-phospho Akt, anti-
phospho-Erk1/Erk2, and anti-calcineurin antibodies were from Trans-
duction Laboratories (San Diego, CA), and anti-NFATc1 antibody was
from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell Culture

Rat MCs were cultured from glomeruli isolated by differential siev-
ing as previously described (14). Epithelial cells were removed by di-
gestion with collagenase, and glomerular cores were cultured in RPMI
(Life Technologies, Inc., Gaithersburg, MD) supplemented with antibi-
otics and 17% fetal calf serum. For these experiments, rat MCs that
have been maintained in our laboratory (University of Texas Health
Science Center, San Antonio, TX) were used between passage 26 and
32.

Hypertrophy

FACS—MCs were plated in 60-mm plates and allowed to grow to
80-90% confluency. Medium was then changed to serum-free media
(SFM) for 24 h, and the cells were treated as indicated. After treatment,
MCs were harvested by trypsinization, washed with 1x PBS, centri-
fuged at 5000 rpm for 2 min, and then resuspended in ice-cold 70%
ethanol added dropwise while vortexing. Ethanol-fixed MCs were then
analyzed by forward light scattering on a Becton Dickinson flow
cytometer.

Protein/ DNA Ratio—MCs were plated in triplicate in 12-well plates
and allowed to grow to 80-90% confluence. Medium was changed to
SFM for 24 h, and the cells were treated as indicated. Each well was
washed, collected by trypsinization, and split into two equal aliquots.
Both samples were washed with 1x PBS and centrifuged at 5000 rpm
for 2 min. One aliquot was resuspended in TNESV protein lysis buffer
(50 mmM Tris-HC], pH 7.4, 2 mM EDTA, 1% Nonidet P-40, 100 mM NaCl,
100 mM sodium orthovanadate, 100 ug/m!l leupeptin, 20 pg/ml aproti-
nin, and 10”7 M phenylmethylsulfonyl (PMSF)) and the other in ice-cold
70% ethanol. Protein concentrations were determined by BCA protein
assay (Pierce, Rockford, IL). For determination of DNA concentration,
Hoescht stain (Sigma, St. Louis, MO) was added to ethanol fixed cells
for 30 min at room temperature. DNA was measured at 355-nm exci-
tation and 460-nm emission using a Titertak Flouroskan II fluorometer.
For each well the resulting protein determination was divided by the
DNA measurement to provide a protein/DNA ratio.

Kinase Assay

MCs were plated in 60-mm plates and allowed to grow to 80-90%
confluency (~2 days). Medium was then changed to SFM for 24 h, and
the cells were treated as indicated.

Erk1/Erk2 MAPK—Erk1/Erk2 was immunoprecipitated from 100
ug of total protein using anti-Erk1 antibody (Santa Cruz Biotechnology)
followed by protein A-Sepharose beads. Immunocomplexes were
washed three times in TNESV buffer and resuspended in kinase buffer
(10 mmM HEPES, pH 7.4, 10 mM MgCl,, 0.5 mum dithiothreitol, and 0.5
mM Na,VO,) in the presence of 0.5 mg/ml myelin basic protein (MBP),
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Fic. 1. IGF-I induces hypertrophy of mesangial cells. Near-
confluent mesangial cells were serum-starved for 24 h and then treated
as indicated: A, cells were treated with SFM (control), TGFB (1 ng/ml),
or IGF-I (50 ng/m}) for 72 h. Cell size was determined by FACS analysis
using forward light scattering. B, cells were treated with SFM (control),
TGFB (1 ng/ml), or increasing amounts of IGF-I for 48 h, and then cell
size was determined by forward light scattering. Bars represent the
mean * S.E. of four independent experiments. Cells were also analyzed
for DNA and protein content, and the protein/DNA ratio of triplicate
samples = S.E. was determined. Data shown are representative of at
least three independent experiments. *, p < 0.05 compared with con-
trol. C, cells were treated for 24 h with increasing amounts of IGF-I, and
then DNA synthesis was measured with H-labeled thymidine. Fetal
calf serum (FCS) was included as a positive control for DNA synthesis.
Bars represent the mean of triplicate samples * S.E. Data shown are
representative of three independent experiments. *, p < 0.05; **, p <
0.001 compared with control.

25 uM cold ATP, and 1 uCi of {y-*2P]ATP. Reactions were incubated for
30 min at 30 °C followed by 10-min incubation on ice. Phosphorylated
MBP was resolved on 12% SDS-PAGE, the gel was dried, and an
exposure was made onto film.
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A,

Fi. 2. IGF-1 treatment increases
expression of collagen type IV and
fibronectin proteins. Near-confluent
cells were serum-starved for 24 hoand
then treated with SFM alone (controli,
IGF-T (100 ng/mb, TGFS (1 ng/mli. or
1GE-1 4 TGES for 72 h. A, total cellular
proteins were collected and separated by
SDS-PAGE. Collagen type IV and fi-
hroneetin were detected by direet immu-
noblotting. B, cells were fixed in metha-
nol, and fibroneetin and collagen type TV
were visualized using anti-fibroneetin an- B -
tibody followed by u Texas Red-conju-
gated anti-rabbit secondary wntibody (a-
), and collagen type IV antibody followed
by a {luorescein-conjugated anti-goat sve-
ondary antibody (e A« and e, SFM (con-
trol); b and /) IGF-I: ¢ and g, TGF: o and
f 1GE-1 plus TGES.

PL3K. Kinase activity was determined as deseribed previously (1617
briefly, tyrosine-phosphorylated proteins were immunoprecipitated
from 100 pg of total protein samples by incubation with anti-phospho-
tyrosine antibody for 30 min on ice followed by addition of protein
A-Sepharose beads and additional incubation onice for 2 h. Iinmuno-
complexes were washed three times with lysis buffer, once with PBS.
once with buffer A (0.5 my LiCL 0.1 3 Teis-HCL pH. 7.5, 1 my Na , VO 1,
once with double-distilled water. and onee with buffer B 0.1 3 NaClL 0.5
ma BDTA, 20 ma Tris-1ICL pH 7.5 The immunocomplexes were then
resuspended in 50 pl of PI3K buffer 120 my Tris-1CL pH 7.5, 0.1 M
NaCl, and 0.5 my EGTA) 0.5 ul of 20 mwml PI was added and
incubated at 25 °C for 10 min. A mixture of 1 gl of 11 MgClL, and 10 pCi
of [y-#PIATP was added, and the mixture was incubated at room
temperature for 10 min. 150 pl of a mixture of chloroform, methanol,
and 11.6 x5 HCHB50:100:3, vA) was added Lo stop the reaction, and an
additional 100 pl of chloroform was added. The organie Tayer was
extracted and washed with methanol und 1~ HCT L be The reaction
was dried overnight and resuspended in 10 1l of chloroforny. The sam-
ples were sepurated by thin-layer chromatography and developed with
CHCL/MeOH/28% NILOI/LO (129:11:4:15:21) The spots woere visu-
alized by autoradiography.

Western Blots

MCs were plated in 60-mm dishes and allowed to grow to 80--90¢
conflueney (- 2 days). Medium was then changed to SFA for 24 h,and
the cells were treated as indicated, Cells were then harvested with
trypsin-1BDTA, pelleted, and washed with 1+ PBS. Protein was ex-
tracted using TNESV lysis buffer (50 mat Tris-HCL pH 7.4 2 my EDTA,
1% Nonidet P-40, 100 my NaCl, 100 mym sodium orthovanadate, 100
pg/m) leupepting, 20 pg/ml aprotinin, and 107 3 phenylmethylsulfonyl
(PMSI)). 25 g of protein was analyzed by 7.5 SDS-PAGE. Following
transfer of the proteins to nitrocellulose, the membrane was incubated

in 59 milk-TBST and then immunoblotted with 1:2000 dilution of

anti-fibronectin or 11000 dilution of anti-collagen type TV antibody.
Horseradish peroxidasc-conjugated donkey-anti-rabbit or horseradish

peroxidasc-conjugated donkey-nnti-goat secondary antibody was added

(i. Gosh Choudhury, and [ B Abboud 12001
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at 1:2000 for fibroneetin and collagen type [V, respectively, and proteins
were visualized by enhanced chemiluminescence (Pierce).

Immunoflorescence

MCs were plated in 8-well chamber slides and allowed to grow to
80-90¢ conflueney i 2 days). Medium was then changed to SIM for
24 I, and the cells were treated as indicated. Following treatment, the
cells were fixed and permeabilized in 100¢% methanol for 5 min and then
rehydrated in PBS-0.14% BSA for 15 min. Cells were then blocked with
the appropriate Ig( for 15 min, and then primary antibodies were
added for 30 min. Anti-fibroneetin, anti-collagen type IV, and anti-
NIATel were all added at a concentration of 15 ug. Cells were washed
three times for 5 min with PBS-0.1% BSA before addition of secondary
antibodics as indicated. All sceondary antibodies were used at a dilu-
tion of 1-100. Finally, cells were washed three times for 5 min with
PBS-0.1% BSA. the chambers were removed from the slides, and the
coverslips were mounted with Crystal Mount (Biomeda, Foster City,
CAL Cells were viewed by fluorescence microscopy.

Calcineurin Phosphatase Assay

Caleincurin phosphatase activity was determined following a proto-
col published by Fruman of al. (17). Briefly, the RIL peptide was phos-
phorylated in vitro with 250 units of recombinant PKA, 50 mnm ATP, 50
1Ciot [5=PIATP, 0.15 mat RIL and 500 pl of 2 reaction buffer (40 mu
MOPS, 4 ma MgCl,, 0.1 my CaCl,, 0.4 my EDTA, 0.8 mm EGTA, 0.5
mat DTT. 0.1 mg/ml BSA). Lysates were prepared by resuspending cells
in a hypotonic lysis buffer (50 ma Tris, pH 7.5, 1 mm EDTA, 1 mM
EGTA, 0.5 my DTT, 50 ug/ml PMSF, 10 pg/ml leupeptin, 10 pg/ml
aprotining followed by 3 cycles of freeze thawing in liquid nitrogen and
30 7C water bath. Caleineurin activity in each sample was determined
by incubating cqual parts lysate, 3N reaction buffer (40 mm Tris, pH
7.5, 0.1 3 NaCl, 6 my MgCl,, 0.1 my CaCl,, 0.5 mm DTT, 500 nm
okadaic acid, and 0.1 mg/ml BSA), and labeled RIT peptide at 30 °C for
10 min. The reaction was stopped by addition of 0.1 M KPO, in 5%
trichloroacetic acid. To determine the amount of phosphate released by
calcineurin in each sample. reactions were then added to PolyPrep
columns (Bio-Rud, Hercules, CA) containing AG-50X Dowex ion ex-
change resin (Bio-Rad) prepared as desceribed in a previous study (17).
Finally, 5 ml of scintillation fluid was added to the flow-through from
cach column, and the released phosphate was measured in a scintilla-
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Fic. 3. IGF-I-mediated hypertrophy is associated with activa-
tion of Erk1/Erk2 MAPK and PISK pathways. A, cells were pre-
treated with PD98059 (10 uM) and then incubated with IGF-I for 10
min. Erkl/Erk2 MAPK kinase activity was determined by in vitro
kinase assay with MBP as a substrate. B, cells were pretreated with
SFM (control) or PD98059 (10 uM) and then treated with IGF-I (50
ng/ml) for the indicated lengths of time. Protein lysates were collected,
and phosphorylation of Erk1/Erk2 was determined by immunoblotting
with phospho-specific Erk1/Erk2 antibody. Total Erk1/Erk2 was also
detected in the same samples using a specific antibody. Relative acti-
vation from three separate experiments was quantitated and graphed.
C, MCs were pretreated with wortmannin (250 nM) and then incubated
with IGF-I for 10 min. PI3K activity was determined as described under
“Experimental Procedures.” D, cells were pretreated with SFM (control)
or wortmannin (250 nM) and then treated with IGF-I (50 ng/ml) for the
indicated lengths of time. Protein lysates were collected, and phospho-
rylation of Akt was determined by immunoblotting with a phospho-
specific Akt antibody. Also, total Akt was detected in the same samples
using a specific antibody. Relative activation from three separate ex-
periments was quantitated and graphed.
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tion counter. To ensure specificity of the assay for calcineurin activity,
okadaic acid was routinely added to the reaction buffer to inhibit any
dephosphorylation by serine-threonine phosphatases PP1A and PP2A.

Statistics

Statistical significance was determined by Student’s ¢ test. A result
was considered significant if p < 0.05.

RESULTS

In vivo studies demonstrated that IGF-I plays a role in renal
hypertrophy (4, 9, 18). However, it is unclear whether IGF-I
acts as a proliferative agent for renal cells as it does with many
other cells or if IGF-I can directly initiate hypertrophy. There-
fore, in this study we examined the effect of IGF-I on cultured
mesangial cells (MCs). Hypertrophy was determined as an
increase in cell size (without an increase in cell number) and an
increase in protein production without an increase in DNA
synthesis. Fig. 14 shows that IGF-I treatment (50 ng/ml) of
MCs resulted in an increase in cell size as determined by FACS
analysis. The effect of IGF-I was comparable to the effect of
TGFB (1 ng/ml), which is known to induce hypertrophy in these
cells (19). Treatment of MCs with both IGF-I and TGFg re-
sulted in an additive hypertrophic effect. FACS analysis of
these cells showed that there was no difference in the distri-
bution of cells in the cell cycle after IGF-I or TGF treatments
compared with SFM control (data not shown).

IGF-I induced hypertrophy in a dose-dependent manner,
with 50 ng/ml resulting in a significant increase in both cell
size and protein/DNA ratio (Fig. 1B). The maximal effect of
IGF-I was equal to or slightly greater than was seen with TGF3
treatment of these cells. Hypertrophy was discernible as early
as 8 h after treatment and was detectable for as long as 72 h
after exposure of cells to IGF-I (data not shown). Finally, there
was a small increase in DNA synthesis following IGF-I treat-
ment but only at concentrations of 100 ng/ml or greater
(Fig. 1C).

There are conflicting reports regarding the ability of IGF-I to
induce ECM production in renal cells. Previous in vivo exper-
iments have shown that overexpression of IGF-I contributes to
hypertrophy but is not sufficient for ECM production and de-
velopment of fibrosis (7). However, other in vitro studies have
shown that IGF-I does contribute to an increase in ECM (20,
21). In our experiments, MCs were treated with IGF-I or TGF8
for 72 h, and the levels of collagen type IV and fibronectin were
determined by both Western blotting (Fig. 24) and immunohis-
tochemistry (Fig. 2B). We found that IGF-I induces an increase
in both collagen type IV and fibronectin protein levels although
not as robustly as does TGFB. Interestingly, the amount of
IGF-I that was sufficient to stimulate an increase in ECM (at
least 100 ng/m}) was double that which was required to induce
maximal hypertrophy (50 ng/ml). Similar to hypertrophy, IGF-I
and TGFB together resulted in an additive effect on the levels
of ECM proteins.

We next examined the signaling pathways activated by
IGF-Iin MCs. Using an in vitro kinase assay with myelin basic
protein (MBP) as a substrate for Erk1/Erk2 MAPK, we show
that IGF-I treatment results in activation of MAPK in MCs
(Fig. 3A). This activation was blocked by pretreatment with
PD98059, an inhibitor of the Erk1/Erk2 kinase MEK. In addi-
tion, we treated MCs with IGF-I for increasing lengths of time
and examined phosphorylation of Erk1/Erk2 using a phospho-
specific Erk1/Erk2 antibody. Erk1/Erk2 was transiently phos-
phorylated following addition of IGF-I with maximal activation
at 10 min (or less) that was reduced, even to below basal
conditions, by 4 h. Pretreatment with PD98059 also blocked
phosphorylation of Erk1/Erk2. Total Erk1/Erk2 protein level
was determined by direct immunoblotting, and no change in
the amount of Erk1/Erk2 protein was found (Fig. 3B). Next we
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A.

Fic. 4. Inhibition of Erk1/Erk2 and
PIBK pathways has no effect on in-
duction of hypertrophy by IGF-1. A,
cells were pretreated with SFM, PD98059
(10 pM), or wortmannin (250 nM) for 1 h
prior to the addition of IGF-I (50 ng/ml)
for 24 h, and then cell sizes were deter-
mined by mean forward light scattering.
Bars represent the mean of three inde- *
pendent experiments * S.E. *, p < 0.05
compared with control. B, cells were pre-
treated with SFM, PD98059 (10 uM), or
wortmannin (250 nM) for 1 h prior to the
addition of IGF-1 (100 ng/ml) for 72 h.
Total cellular proteins were collected and
separated by SDS-PAGE. Collagen type
IV and fibronectin were detected by direct
immunoblotting. Data shown are repre-
sentative of at least three independent
experiments.

examined activation of the PI3K pathway following IGF-I
treatment in MCs. Fig. 3C shows that IGF-I activated PI3K
and resulted in increased production of phosphatidylinositol
3-phosphate. This activation was completely blocked by wort-
mannin, an inhibitor of PI3K activity. We also treated MCs
with IGF-I for increasing lengths of time and examined phos-
phorylation of Akt, a serine/threonine kinase regulated down-
stream of PI3K (Fig. 3D). Similar to Erk1/Erk2 phosphoryla-
tion, Akt phosphorylation was maximal at 10 min and
decreased thereafter. Interestingly, although Akt phosphoryl-
ation peaked early, persistent activation was seen at 4 h. In
addition, pretreatment with wortmannin blocked only IGF-I-
mediated phosphorylation of Akt at 10 min. At 4 h, IGF-I-
mediated phosphorylation of Akt was unaffected by wort-
mannin pretreatment. This suggests a PI3K-independent
mechanism of sustained Akt phosphorylation. There were no
changes in the levels of Akt protein.

Our experiments thus far indicate that IGF-I-mediated hy-
pertrophy in MCs is associated with activation of Erk1/Erk2
MAPK and PISK. Therefore, we next determined whether IGF-
I-mediated hypertrophy was dependent on activation of either
of these pathways. MCs were pretreated with inhibitors of
Erk1/Erk2 MAPK (10 um PD98059), PI3K (250 nM wortman-
nin), or vehicle alone (Me,SO), and then IGF-I-mediated hy-
pertrophy was assessed by FACS analysis. Fig. 4A shows that
inhibition of Erk1/Erk2 MAPK or PI3K had no effect on IGF-
I-induced increase in cell size. Similar results were obtained
when protein/DNA ratio was measured. Also, similar results
were obtained when PISK was inhibited with the compound
LY294002 (data not shown). We also determined the role of
Erk1/Erk2 MAPK and PI3K signaling on IGF-I-mediated in-
crease in ECM proteins collagen type IV and fibronectin. Fig.
4B shows that inhibition of either pathway failed to block the
increase in ECM proteins by IGF-1.

Several studies have identified the calcium-regulated serine/
threonine phosphatase calcineurin as a potential mediator of
hypertrophy (22, 23). Therefore, we examined the role of cal-
cineurin in IGF-I-mediated hypertrophy of MCs. Calcineurin

mean forward scatter
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phosphatase activity was determined in response to IGF-I us-
ing a highly specific in vitro phosphatase assay (17). The addi-
tion of IGF-1 to the cells resulted in approximately a 50%
increase in calcineurin activity (Fig. 54). Calcineurin is inhib-
ited by the immunosuppressive compound cyclosporin A. Cy-
closporin A enters cells and binds to a group of proteins known
as cyclophilins. Cyclosporin A-cyclophilin complexes, in turn,
bind to the B subunit of calcineurin, resulting in inhibition of
phosphatase activity (24, 25). Due to the specificity of action of
cyclosporin A in inhibiting calcineurin, we used this compound
to block IGF-I-mediated activation of calcineurin. Calcineurin
phosphatase activity was determined in cells pretreated with
cyclosporin A (5 um), PD98059 (10 pm), or wortmannin (250 nm)
and then stimulated with IGF-I for 2 h. As expected, pretreat-
ment with cyclosporin A completely blocked calcineurin phos-
phatase activity, whereas inhibition of either Erk1/Erk2 MAPK
or PI3K had no effect (Fig. 54). We next examined the time
course of calcineurin phosphatase activation by IGF-1. Fig. 5B
shows that addition of IGF-I resulted in significant activation
of calcineurin phosphatase within minutes of treatment that
returned to basal levels after 4—6 h. Interestingly, phosphatase
activity peaked roughly 2 h after IGF-I treatment, in contrast
to the very early maximal phosphorylation of both Erk1/Erk2
MAPK and Akt. Increased calcineurin phosphatase activity has
been shown to precede up-regulation of calcineurin protein
(26). Accordingly, there was a substantial increase in cal-
cineurin protein within 24 h of IGF-I treatment (Fig. 5C).
Calcineurin activity is dependent upon binding both calcium
and calmodulin. Therefore, we examined the effect of IGF-I on
calmodulin protein levels. There was also a substantial in-
crease in the calcineurin binding protein calmodulin in a time
frame similar to the increase in calcineurin protein (Fig. 5C). In
contrast, protein levels of Erk1/Erk2 MAPK did not change
over the course of the experiment, indicating a selective in-
crease in calcineurin/calmodulin proteins rather than a global
increase in total proteins.

To determine if activation of calcineurin is required for IGF-
I-induced hypertrophy, MCs were treated with cyclosporin A to
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Fic. 5. IGF-1 stimulates calcineurin phosphatase activity and
increases calcineurin and calmodulin proteins. A, cells were pre-
treated with SFM, cyclosporin A (5 um), PD98059 (10 uM), or wortman-
nin (250 nM) and then stimulated with IGF-I (50 ng/ml) for 2 h. Protein
lysates were collected, and calcineurin phosphatase activity was deter-
mined as described under “Experimental Procedures.” Data shown are
the mean of duplicate assays * S.E. B, calcineruin phosphatase activity
was measured determined following treatment with IGF-I for up to 6 h.
* p < 0.01 compared with 0 h treatment. Data shown are the mean of
duplicate assays * S.E. C, cells were treated with IGF-I (50 ng/ml) for
up to 24 h and total protein lysates were collected. Calcineurin and
calmodulin were detected by direct immunoblotting with specific anti-
bodies. Data shown are representative of at least 3 independent
experiments.

inhibit calcineurin activity prior to addition of IGF-I. Both
IGF-I-mediated increase in cell size and increase in protein/
DNA ratio were blocked following inhibition of calcineurin.
Moreover, pretreatment of the cells with calcium ionophore
A23187 to increase intracellular calcium significantly in-
creased IGF-I-mediated hypertrophy (Fig. 64). Next we deter-
mined if calcineurin was required for IGF-I-mediated induction
of ECM. Fig. 6B shows that pretreatment with cyclosporin A
blocked IGF-I-mediated increase in both collagen type IV and
fibronectin protein levels. Cyclosporin A alone had no effect on
either total protein synthesis (reflected by protein/DNA ratio)
or on basal levels of collagen type IV or fibronectin.
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Fic. 6. Calcineurin is required for IGF-I-mediated hypertro-
phy and up-regulation of ECM. A, cells were pretreated for 1 h with
SFM or cyclosporin A (5 um) and then incubated with IGF-I for 24 h.
Additionally, cells were pretreated with calcium ionophore A23187 (1.5
um) for 1 h, washed twice with SFM, and then incubated with IGF-I for
24 h. Cells size was determined by mean forward light scatter. Bars
represent the mean = S.E. of four independent experiments. Cells were
also analyzed for DNA and protein content and the protein/DNA ratio of
triplicate samples + S.E. was determined. * p < 0.05 from control and
#% p < 0,05 from IGF-L B, cells were pretreated for 1 h with SFM or
eyclosporin A (5 um) and then incubated with IGF-I (100 ng/ml) for
72 h. Total cellular proteins were collected and separated by SDS-
PAGE. Collagen type IV and fibronectin were detected by direct immu-
noblotting. Data shown are representative of at least 8 independent
experiments.

Inhibition of PISK with wortmannin only abolished Akt
phosphorylation at 10 min and had no effect on IGF-I-mediated
Akt phosphorylation at 4 h (Fig. 3D). The lack of inhibition of
the delayed Akt activation by wortmannin suggests a PI3K-
independent mechanism of sustained Akt activation. There-
fore, in Fig. 7A, we examined the role of calcineurin in sus-
tained Akt activation. MC were pretreated with SFM (control),
wortmannin (250 nm), or cyclosporin A (5 pm) and then treated
with IGF-I for 10 min or 4 h. Phosphorylated Akt was detected
by Western blotting with a phospho-specific Akt antibody. At
10 min, wortmannin greatly reduced IGF-I-mediated Akt phos-
phorylation, as shown before, whereas cyclosporin A had no
effect. After 4 h of IGF-I treatment, Akt phosphorylation is still
detectable in control cells, and wortmannin pretreatment does
not reduce this phosphorylation. However, pretreatment with
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Fici. 7. IGF-T induces sustained acti-
vation of Akt that is mediated by cal-
cineurin. A, cells were pretreated with
SFM (control), wortmannin (250 nM). or
cyclosporin A (5 pan) and then incubated
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cyclosporin A blocks IGF-T-mediated activation of Akt at 4 h. As
a control, phospho-Erk1/Erk2 was also detected in cells pre-
treated with either wortmannin or cyclosporin A. Fig. 7B shows
that inhibition of PI3K and calcineurin had no effect on Erk1/
Erk2 phosphorylation. In addition, total Erk1/Erk2 protein
levels did not. change over the same time period.

One family of transcription factors that has been well char-
acterized as downstream targets and mediators of calcineurin
signaling is the Nuclear Factor of Activated T-cell (NFAT)
family. These transcription factors are inactive in the cytosol
and shuttle to the nucleus following dephosphorylation by cal-
cineurin. NFATs associate with other transcription co-factors,
including members of the Jun and Fos families and mediate
transcription of target genes (27, 28). NFATc¢1-4 have all been
shown to be regulated by caleineurin-mediated dephosphoryl-
ation. In addition, nuclear localization of NFATc1 has been
shown to be associated with hypertrophy (22, 34). In Fig. 8 we
show that 30 min of IGF-I treatment results in accumulation of
NFATe1 in the nucleus. This nuclear localization of NFATc1 is
dependent on calcineurin activation, because pretreatment
with cyclosporin A blocks this effect entirely.

DISCUSSION
In this study, we provide the first evidence that 1GI™-1 plays
a direct role in the initiation of hypertrophy of mesangial cells.
In addition, we show that IGF-I-mediated hypertrophy is asso-
ciated with increased expression of the extracellular matrix
proteins fibronectin and collagen type IV. Simultaneous expo-
sure of the cells to IGF-I and TGFj resulted in an additive

1
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Fi. 8. IGF-I treatment results in calcineurin-dependent nu-
clear localization of NFATcl. Cells were serum-starved for 24 h and
then incubated with SFM alone (control), IGF-1 (50 ng/ml) for 30 min, or
pretreated with eyelosporin A (5 um) for 1 h followed by 30-min treat-
ment with IGF-I (50 ng/mb. Cells were fixed in methanol, and subcel-
Jular localization of NFATc1 was determined by immunostaining with
anti-NFATel antibody followed by Texas red conjugated antj-rabbit
secondary antibody.

effect on both hypertrophy and the increase of ECM accumu-
lation, suggesting that these growth factors may act through
parallel pathways. IGF-I is a well-characterized mitogen, and
it has been speculated that the role of IGF-I in renal hypertro-
phy is due to its effect on cell proliferation. However, in our
experiments, no change in the cell cycle was seen and no
significant change in DNA synthesis was observed at the same
dose of IGF-I required to induce maximal hypertrophy. At
higher doses of IGF-I, there was an increase in DNA synthesis,
consistent with other reports in the literature (29, 30).

[GF-1 has been .shown to signal via Erk1/Erk2 MAPK and
PI3K in many different cell types (11). However, the precise
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role of each signaling pathway in mediating the biological
effects of IGF-I remains to be characterized. Although Erkl/
Erk2 MAPK was activated by IGF-I in our studies, it does not
appear to be required for induction of hypertrophy. It is still
possible that the MAPK pathway might be important for other
cellular responses to IGF-1, including migration, modulation of
DNA synthesis, and cell survival. Treatment of MCs with IGF-I
also resulted in the activation of PI3K and Akt kinase. Inter-
estingly, the serine/threonine kinase Akt is activated by IGF-1
in a bi-phasic manner. IGF-I induced rapid activation of Akt
(10 min) that was inhibited by wortmannin, demonstrating
that this activation is mediated by PI3K. However, wortman-
nin had no effect on the delayed phase of Akt activation, indi-
cating a PI3K-independent mechanism of activation. Inhibition
of PI3K by wortmannin or LY294002 had no effect on IGF-I-
induced hypertrophy, demonstrating that PI3K is not required
for this biological effect of IGF-1. However, the sustained acti-
vation of Akt was inhibited by cyclosporin A, indicating that
activation of calcineurin by IGF-I is responsible for the sus-
tained Akt activation in MCs. Our data support other reports in
the literature that calcineurin activation can act in concert
with other signaling pathways (31, 32). The consequences of
sustained Akt activation by calcineurin and the role of Akt in
IGF-I-mediated hypertrophy remain to be evaluated.

Our data show that IGF-I treatment of MCs not only in-
creases the levels of calcineurin protein, but also calmodulin.
As calcineurin activation is dependent upon availability of cal-
modulin (33), one possible consequence of increased calmodulin
is sustained activation of other calcium/calmodulin pathways
and/or priming of the calcineurin/calmodulin system for acti-
vation by other signals. Interestingly, the increase in both
calcineurin and calmodulin occurs rapidly following IGF-I
treatment, particularly in comparison to the global increase in
protein reflected in the protein/DNA ratio. This suggests that
the IGF-I-mediated increase in calcineurin and calmodulin pro-
tein expression is a specific action of IGF-I and not merely a
consequence of the generalized increase in protein synthesis
associated with hypertrophy. However, a more dynamic assay
of protein synthesis such as incorporation of [**Slmethionine
into proteins would more accurately address the contribution of
global protein synthesis to the increased expression of cal-
cineurin and calmodulin. Moreover, our data do not address the
contribution of protein degradation to the modulation of cal-
cineurin/calmodulin levels.

Interestingly, calcineurin activation occurred fairly late after
IGF-I treatment. Both Erk1/Erk2 MAPK and Akt are phospho-
rylated within minutes of IGF-I addition and peak activation
has subsided in less than 1 h. Calcineurin activity appears to
peak ~2 h following addition of IGF-I and returns to baseline
by 4-6 h. Additionally, calcineurin activation precedes a sig-
nificant increase in calcineurin and calmodulin protein levels,
as well as induction of hypertrophy by IGF-I. Our data show
that this increase in phosphatase activity is in fact required for
IGF-I-mediated hypertrophy. Inhibition of caleineurin with cy-
closporin A completely blocks IGF-I-mediated activation of cal-
cineurin phosphatase activity and IGF-I-mediated hypertrophy
and ECM accumulation. These effects of cyclosporin A on ma-
trix protein accumulation were specific, because the compound
had no effect on total protein synthesis or on the levels of other
proteins such as Erk1/Erk2. Of interest is the finding in Fig. 64
that increased intracellular calcium due to treatment with
ionophore A23187 did not induce hypertrophy. This is consist-
ent with the observation, reported by Musaro et al. (34), that
calcium alone is actually toxic to some cells. Instead, there
appears to be a requirement for an additional IGF-I-mediated
signal to generate a hypertrophic response. One possibility is
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cross-talk with other signaling pathways such as Akt (35, 36).

Several proteins have been identified as targets of calcineurin-
mediated dephosphorylation, including NFAT, MEF2A and -2D,
and GATA (15, 33). Our data demonstrate that calcineurin is
important in IGF-I-mediated hypertrophy. Therefore, cal-
cineurin substrates may also be critical signaling molecules that
mediate hypertrophy in MCs. IGF-I induces nuclear localization
of NFATc1, which is dependent upon calcineurin activity. There-
fore, NFATc1 may be important in transcriptional regulation of
hypertrophic response genes, including ECM genes and possibly
even of calcineurin and calmodulin. It remains to be seen
whether other calcineurin substrates also play a role in the
regulation of genes responsible for cell hypertrophy.

The demonstration that IGF-I activates a calcium-dependent
serine/threonine phosphatase in mesangial cells introduces a
new paradigm in IGF signaling. In addition to its role as a
mitogen, requiring primarily the MAPK and PI3K signaling
pathways, our work and the work of other groups in this area
show that IGF-I elicits relevant biological responses via calcium-
dependent signaling pathways, including, but possibly not lim-
ited to, calcineurin phosphatase. Similarly, this study demon-
strates another potential target tissue for the action of
calcineurin. Discovering how growth factors such as IGF-I ac-
tivate calcineurin and what factors downstream of calcineurin
are required for inducing hypertrophy will be important areas
for further research. Furthermore, calcineurin represents an
intriguing new pathway with substantial relevance in renal
disease. Treatment of animal models of cardiac hypertrophy
with inhibitors of calcineurin have been successful at prevent-
ing hypertrophy (22, 26, 32); therefore, it is possible that cal-
cineurin inhibitors may also be of therapeutic value in renal
diseases characterized by hypertrophy.
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